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Introduction
As Sir William Osler stated in his textbook, "A man is as old as his arteries", as the artery system shows remarkable ageing changes: arterial hardening and luminal dilatation or elongation. We recently proposed a new pathological term for arterial ageing: agerelated medial degeneration and sclerosis (ARMDS) 1) . ARMDS and atherosclerosis are the two major pathological categories of arteriosclerosis of the elastic arteries, especially the aorta. The degeneration of medial smooth muscle cells and the thinning and fragmentation of elastic fibres are characteristics of ARMDS. The major causes of ARMDS include mechanical fatigue of the medial elastic fibers 2) , glycation/glyco-oxidation of elastin and collagen 3) , and age-related chronic inflammation 4) . In contrast, atherosclerosis is a chronic inflammation of the intima and is closely associated with cardiovascular risk factors. Little is known about the relationship between these two categories, and they may share some molecular pathogenetic mechanisms or risk factors other than age.
While arterial stiffness is easily measured using pulse wave velocity, no established, non-invasive method exists for measuring the dilation or elongation of the arteries, especially the aorta. Previous studies using autopsy or ultrasound examinations have shown a good correlation between age and aortic dilatation [5] [6] [7] [8] , but yielded conflicting results regarding the effects of atherosclerosis or cardiovascular risk factors on aortic dilation 5, 7, 9, 10) .
Aim
We aimed to analyze the effect of atherosclerosis or cardiovascular risk factors on aortic dilatation using large numbers of autopsy cases of community deaths.
Methods

Subjects
The Tokyo Medical Examiner's Office conducts post-mortem medical examinations and autopsies to determine the cause of death in all cases of unnatural deaths occurring within Tokyo's 23 wards. The initial subjects were 875 consecutive adult autopsy cases performed by one of the authors (A.H.) between 2001 and 2005. No homicide cases were included in this series. The classification of diseases followed the International Statistical Classification of Diseases and Related Health Problems, 10th Revision (ICD-10), WHO. Forty-two cases of aortic diseases were excluded from the study; these cases were 28 cases of ruptured aortic dissection and 14 cases of atherosclerotic aneurysms. The remaining 833 cases were regarded as the final subjects of the study. No cases of Marfan syndrome were included. Most cases (815 cases, 97.8%) were of Japanese nationality, 14 cases were of foreign nationality, and the nationality was unknown in four cases. We obtained clinical information on the subjects, particularly the presence of hypertension or diabetes mellitus and the subjects' smoking history, from a family member or acquaintance.
Physical constitution
We measured each subject's body weight and height at the time of autopsy. The body mass index was calculated using the following equation: (body mass index) (body weight) divided by ((height) x (height)). Body surface area was calculated using Fujimoto's formula for Japanese adults: (body surface area) (body weight) 0.444 x (height) 0.663 x 88.83 11) .
Measurement of aortic inner circumference
After longitudinally dissecting the aorta, we measured the inner circumference at five different sites of the aorta, as shown in Fig. 1,. The inner circumference of the root was measured at the supra-aortic ridge; that of the arch was measured at the midpoint between the origins of the left common carotid artery and the right brachiocephalic artery; that of the descending portion was measured at the midpoint between the origin of the left subclavian artery and the diaphragm; that of the abdominal portion was measured at the origins of bilateral renal arteries; and that of the bifurcation was measured 1 cm above the aortic bifurcation. We used a hard scale to measure the inner circumference so as not to overestimate the uneven aortic surface. 
Pathological assessment of atherosclerosis
We observed the inner surface of the aorta at autopsy and semi-quantitatively scored the severity of aortic atherosclerosis according to the ratio of the area occupied by the atheromas or raised lesions as follows: none, mild (less than 1/3), moderate (1/3 to 2/3), or severe (more than 2/3).
Statistical analysis
Gender-related differences in the anthropologic and clinicopathological data and the aortic inner circumference were calculated using a two-sided t-test and chi-square test. The Jonckheere-Terpstra test for trends was used to examine the dose-response trend of the aortic circumferences among groups with regard to the severity of atherosclerosis. The aortic circumferences between each pair of different severity groups were tested using ANOVA with a Tukey-Kramer's multiplicity adjustment. Multiple regression analysis was performed to calculate the contribution of age, sex, body height, smoking history, hypertension, diabetes mellitus, and severe atherosclerosis (severe cases vs. non-severe cases) to the aortic circumference. The statistical significance was set at 0.05. JMP for Windows (version 6.0) and the SAS system for Windows (version 9.1.3; SAS Institute Inc., Cary, NC, USA) were used for statistical analyses.
Ethical considerations
We performed the administrative autopsies included in this series under the Act of Post-mortem Examinations of Japan, which generally permits the use of autopsy materials for medical education and research.
Results
Characteristics of the subjects
A summary of the subjects' characteristics is shown in Table 1 . The subjects were 616 men (74%) and 217 women. The age at death ranged from 20 to 94 years. The average age was 59.2 years; the average age of the women (62.7 years) was older than that of the men (57.9 years). The most frequent direct cause of death was circulatory disease, particularly ischaemic heart disease, followed by external causes of death, digestive diseases, and respiratory diseases.
Aortic circumference
As shown in Fig. 2 , the average circumference decreased gradually from the root to the bifurcation: the average circumference at the root was 7.32 cm in men and 6.75 cm in women, whereas that at the bifurcation was 4.05 cm in men (55% of the circumference at the root) and 3.65 cm in women (54%). The aortic circumference in men was significantly larger than that in women at all the measurement sites in the aorta ( p 0.001). The aortic circumference ratio of men to women ranged from 0.90 to 0.95 at the various measurement sites.
Simple correlation between age and aortic circumference Adjustment of aortic circumference for physical constitution
Since physical constitution determines the aortic circumference, the circumference was divided by height, body weight, body mass index, or body surface area in the statistical analyses. The strongest simple correlation was observed when the circumference was divided by the body surface area (three measurement sites) or height (two measurement sites), as shown in Table 2 .
Site-, gender-and age-specific correlations between age and aortic circumference
The correlation between age and aortic circumference (divided according to height) was strongest in the descending portion, followed by the arch, abdominal portion, root, and bifurcation. Pearson's correlation coefficient reached 0.836 in the descending portion ( p 0.001). The scatterplot for the descending portion is shown in Fig. 3 . When the subjects were divided according to sex, the correlation was stronger in women than in men at all measurement sites. When divided according to age group, the correlation was stronger among subjects aged 60 years than among those aged ≥ 60 years. The correlation coefficient was lowest (0.243) at the site of bifurcation among cases aged ≥ 60 years.
Pa t h o b i o l o g i c a l d e t e r m i n a n t s o f a o r t i c circumference
Multiple regression analysis showed that age, sex, and height were significant contributors to the aortic circumference at all five measurement sites, while severe atherosclerosis was associated with the aortic circumference at the root, and descending and abdominal portions, as shown in Table 3 . Hypertension and smoking history were significant contributors to the aortic circumference in the descending portion. Diabetes mellitus was not a determinant of the aortic circumference at any of the measurement sites.
Six contributing factors (age, sex, height, smok- Gradual decrease from the root to the bifurcation (tapering of aorta). Significantly larger circumferences in men than those in women at all measurement sites ( p 0.001). 
Fig. 3. Scatterplot of age versus aortic circumference (descending thoracic portion).
A strong correlation exists between age and aortic circumference divided by height. Pearson's correlation coefficient is 0.836 ( p 0.001).
ing history, hypertension, and severe atherosclerosis) explained 68.5% of the variance in the descending aortic circumference; age explained 57.5%; sex 8.4%; height 1%; and severe atherosclerosis 0.8%. Thus, the contribution of severe atherosclerosis was less than one-seventieth of that of age. Three factors explained only 33.4% of the variance in the circumference at the bifurcation; age explained 17.3%. 
Discussion
The present study showed that the aortic circumference was mostly determined by age, sex, height, and atherosclerosis, which explained up to 68% of its overall variance. Age was by far the strongest factor, compared with atherosclerosis. Since the aorta is located deep in the body, its size cannot be easily measured. During an autopsy, however, the entire aorta and the severity of atherosclerosis can be observed simultaneously. Transthoracic or transesophageal echocardiography can measure the diameter of the aortic root or the entire thoracic aorta, respectively. A few reports have also described measurements of the aortic size in whole or in part using computer tomography (CT) or magnetic resonance imaging (MRI) [12] [13] [14] .
Autopsy study of the aortic size
The relationship between age and aortic size has been a topic of inquiry regarding arterial ageing, and several researchers have reported the results of autopsy studies. Iwamoto assessed 103 autopsy cases derived from the Tokyo Medical Examiner's Office, the same origin of the autopsy cases in the present study, and assessed the aortic size and severity of atherosclerosis according to Gore's method; the author subsequently reported that the aortic circumference and the severity of atherosclerosis increased with age and that the aortic circumference also increased with the atherosclerotic index 5) . Mitchell and Adams reported that the aortic size increased with age irrespective of the presence or absence of hypertension or atherosclerosis, concluding that aortic dilatation was a true ageing process 7) . Virmani et al. examined the aortic size, the thickness of the intima and media, and the severity of atherosclerosis among Chinese and Occidental populations and reported that age was the main determinant of aortic size and atherosclerosis and that the presence of hypertension had a slight influence on aortic dilatation 9) . Atherosclerosis seems to promote progressive medial degeneration and increase tensile strength, resulting in compensatory enlargement of the aortic lumen to overcome narrowing due to intimal thickening 8, 10) . As the abdominal aorta is a likely site of aneurysm, which often results in a lethal rupture, the dilatation of the abdominal aorta and its relationship with rupture have been relatively well studied. Severe atherosclerosis causes medial thinning and abdominal aortic dilatation, suggesting that abdominal aortic aneurysms may be atherosclerotic in nature 10, 15) . The present study reported a stronger contribution of atherosclerosis to the aortic size in the abdominal and descending portions than at other sites.
Ultrasound examination of aortic size
As dilatation of the aortic root causes aortic valvular regurgitation 16) , several researchers have reported the size of the aortic root as measured using transthoracic echocardiography. These researchers have reported that age was the major determinant of aortic size among the normal population 17, 18) . The Framingham Heart Study reported that the size of the aortic root was determined by age, body weight, height, and sex, and was slightly influenced by blood pressure 19) . Another study comparing patients with and without hypertension reported that the aortic root size of hypertensives was significantly larger than that of non-hypertensives and that blood pressure remained an independent factor even after adjustments for age and physical constitution 20) . The present study suggested that hypertension promotes aortic dilatation in the descending portion, suggesting that arterial ageing may cause thoracic aortic aneurysms and may be promoted in the presence of hypertension or severe atherosclerosis.
Agmon et al. reported an interesting result provided by transesophageal echocardiography 21) . They measured the aortic diameter at four sites from the root to the thoracic descending portion and reported that the major determinants of the thoracic aortic diameter were age, sex and body surface area, and that the contributions of atherosclerotic risk factors (smoking, diastolic blood pressure, and diabetes mellitus) and atheromas were very weak and less than 2%. Their data completely matched our present results.
Clinical significance of aortic dilatation
In Marfan's syndrome or other familial connective tissue diseases, the aortic media shows marked degeneration and extensive loss of elastic fibres; as a result, the formation of aneurysms and aortic dissection are frequent complications. The association between arterial ageing and the formation of aneurysms is evident, but the association between arterial ageing and arterial dissection is controversial. Aortic dilatation is also the most frequent cause of non-valvular forms of aortic valvular regurgitation in the elderly 16, 22) . The aorta acts not only as a conduit for blood ejected from the heart during systole, but also as a buffering reservoir, sending blood to the peripheral organs during diastole (Windkessel effect) 23) . Stiffness and luminal dilatation seem to cause a decrease in the Windkessel effect of the aorta, resulting in an increase in systolic pressure and pulse pressure (systolic hypertension) 24) , although another group argued against this scenario 25) . This condition finally causes left ventricular hypertrophy of the heart because of the elevated cardiac after-load, coronary insufficiency resulting from a drop in the diastolic blood pressure, and increased stress on the small arteries, particularly in the brain and kidneys 2) .
Conclusions
Atherosclerosis significantly contributes to aortic circumference, but its contribution is much smaller than that of age. Thus, the thoracic aortic size, if measured using an easy non-invasive method, could be an excellent marker of arterial ageing comparable to arterial stiffness. Although the methods of measuring aortic size (autopsy, ultrasound examination, CT, or MRI) and the study subjects (normal population, autopsy series, and patients) are considerably different, most studies, including the present one, have unequivocally concluded that age is a major determinant of aortic size. This implies that aortic dilatation is a universal ageing phenomenon in humans.
